Chemokine receptors are essential mediators of the metastatic spread in various cancer types; however their precise function in the development of secondary tumors remains poorly understood. We report here a novel property of the chemokine receptors CXCR4 and CCR7 in inhibiting detachment-induced cell death -anoikis, which is believed to be one of the major blocks in the metastatic spread of various neoplasms. Activation of these chemokine receptors by their respective ligands, CXCL12 and CCL21 specifically reduced the sensitivity of metastatic breast cancer cells to anoikis by a distinct mechanism of selective regulation of pro-apoptotic Bmf and anti-apoptotic Bcl-xL proteins. Consequently, functional CXCR4 and CCR7 increased cell survival in the absence of correct ECM attachment both in vitro and in vivo. We also demonstrated that preventing chemokineinduced reduction in Bmf levels significantly attenuated breast cancer metastasis in an experimental mouse model. These results provide evidence for a previously unknown axis in malignant tumors, which connects chemokine receptors with deregulated apoptosis in the absence of the appropriate cell -ECM interaction and may offer novel targets for therapeutic intervention for the treatment of metastatic breast and potentially other tumors. Cell Death and Differentiation (2009) 16, 664-673; doi:10.1038/cdd.2008; published online 9 January 2009
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). It is becoming increasingly clear that many members of this family regulate a complex milieu of interactions between tumor cells, stromal cells, tumor infiltrating leukocytes and endothelial cells and that better understanding of the specific actions of chemokines and their receptors in promoting malignancy will significantly contribute to combating cancer. 2 CXCR4 and CCR7 are the major chemokine receptors found on a wide range of tumor cells and high levels of these receptors are associated with higher grade and poor prognosis of breast, lung, colon and other cancers. 3 Blocking the interaction between CXCR4 and its ligand CXCL12, dramatically reduces breast and other cancer metastases in mouse models. 4 Our recent results have also provided a direct correlation between functional activation of CXCR4 and CCR7 and the invasive, metastatic phenotype of breast cancer cells 5 further supporting a highly important role for these molecules in tumor dissemination to distant sites. Initial studies suggested that these surface molecules induce directional migration of malignant cells along chemokine gradients towards secondary tumor sites in a manner that is similar to the process of lymphocyte homing. However, more recent evidence also supports other roles for chemokine GPCRs including cell growth, adhesion to endothelium and extravasation. 2 Yet specific, non-redundant signaling events and cellular functions directly linking these surface molecules with cancer metastasis are still largely unknown. 6 Anoikis is apoptosis induced upon perturbation or loss of cell-matrix interactions. A number of recent studies have demonstrated a crucial role for anoikis in malignant transformation of various tissues, including mammary, colon, prostate, and lung epithelial tissues (reviewed in Valentijn et al. 7 ). The breakdown of anoikis is believed to give cancer cells a selective advantage by increasing their survival time in the absence of appropriate extracellular matrix (ECM) attachment, that is, in the circulation or in the non-permissive environment of the distant site, thus facilitating eventual reattachment and colonization. In animal models tumors that are resistant to anoikis show a higher incidence of metastases and increased cell survival in the blood circulation. 8 Recently, a direct link between cell survival and metastatic ability of viable, anoikis-resistant cells from animal blood in an orthotopic prostate cancer model has been reported. 9 However, despite its potentially important role in metastasis, specific mechanisms responsible for the execution of anoikis, and its deregulation in invasive cancer cells in particular, remain poorly understood.
Although chemokines and their receptors are not known to play a major role in cell death or survival signaling, there is some evidence implicating them in these processes. For example activation of chemokine receptors promotes apoptosis in neurons and T cells as well as survival of glioblastoma, ovarian carcinoma, pancreatic adenocarcinoma and other cancer cells. [10] [11] [12] These previous data linking some chemokine receptors with apoptosis and the correlation between functional activation of CXCR4 and CCR7 and an invasive, metastatic phenotype of breast cancer cells together with the ability of these receptors to induce cytoskeletal changes have led us to hypothesize that CXCR4 and CCR7 may influence cancer cell metastasis by regulating detachment-induced apoptosis. We describe here a novel common role for CXCR4 and CCR7 in inhibiting anoikis, specifically in metastatic breast cancer cells. We also provide evidence for a direct connection between activation of these chemokine receptors and cell death machinery and show that this axis can regulate breast cancer metastasis.
Results
CXCR4 and CCR7 ligands inhibit anoikis in metastatic breast cancer cells. In search of a functional basis of the pro-metastatic action of chemokines, we analyzed the ability of CXCR4 and CCR7 ligands to increase cell survival after a prolonged period of forced detachment in highly invasive breast epithelial tumor cells. Suspended cells were prevented from attachment or allowed to reattach in the presence or absence of CXCL12 or CCL21 following the cell death analysis. (Figure 1 and Supplementary Figure 1 ). All cell lines tested were sensitive to loss-of-attachment-induced apoptosis and the addition of serum, used as a control, promoted survival of both detached and attached cells (Figure 1a) . However, treatment of cells with either CXCL12 or CCL21 significantly inhibited cell death only in suspended cells to a level comparable to the treatment with FCS, but had no effect on apoptosis in attached cells. Notably, both CXCL12 and CCL21 also specifically inhibited anoikis in the metastatic colon cancer cell line KM12-MS (Supplementary Figure 1) . In addition, stimulation of cells with either ligand reduced detachment-induced caspase-3 activity (Figure 1b) . Furthermore, we have found that chemokines interfere with the intrinsic/mitochondrial pathway of apoptosis. Treatment of suspended MDA-231 and MDA-361 cells with CXCL12 inhibited the release of cytochrome c from mitochondria ( Figure 1c ) -a key event of the mitochondria-dependent apoptosis pathway, which mediates anoikis in most cell types. We next examined the specificity of the observed apoptosis-reducing effect. We found that ligands for both CXCR4 and CCR7 decreased anoikis only in highly invasive, metastatic breast cancer cells but failed to affect apoptosis in untransformed or non-metastatic cells with silent CXCR4 and CCR7. 5 Thus detachment-induced cell death in non-invasive MDA-453 (Figure 2a) , MDA-134 and MCF-10A (not shown) cells was not affected by incubation with chemokines and was only reduced by the addition of serum. The selectivity of anoikisreducing function of CXCL12 and CCL21 was further documented by the inability of these chemokines to induce cytotoxic drug resistance. Addition of either ligand did not change the viability of MDA-231 (Figure 2b ) or MDA-361 cells (not shown) treated with either etoposide or camptothecin. To further confirm that reduction in anoikis is receptor-specific we assessed the ability of chemokine ligands to inhibit cell death in detached MDA-231 cells in which either CXCR4 or CCR7 were knocked down by the retrovirally expressed shRNAs (Supplementary Figure 2) . We found that the inhibition of anoikis by the chemokine ligands is highly specific for the receptor-ligand pair, as the reduction in CXCR4 or CCR7 surface levels completely abrogated the ability of their respective ligands to decrease cell death in breast cancer cells that were prevented from attachment (Figure 2c) . Expression of luciferase-targeted control shRNA, which did not change the numbers of either receptor on the cell surface (Supplementary Figure 2) , did not interfere with the anoikis-inhibiting function of either chemokine. Thus our Functional CXCR4 and CCR7 increase cell survival in the absence of correct ECM contacts. We next investigated whether the ability of chemokines CXCL12 and CCL21 to inhibit anoikis will translate into an increase in survival of metastatic breast cancer cells lacking appropriate ECM attachments both in vitro and in vivo. First, MDA-231 or MDA-361 cells that were suspended for 48 h were allowed to reattach and grow colonies under normal culturing conditions. The number of surviving clones for all chemokine-treated cell samples was at least two times higher when compared with untreated cells, further confirming that activation of CXCR4 and CCR7 promotes cancer cell viability in the absence of attachment. (Figure 3a ). With a view to further substantiate the connection between chemokine receptors, anoikis and metastasis we used shRNA-mediated knockdown ( Figure 2 and Supplementary Figure 2 ) to investigate the ability of CXCR4 and CCR7 to influence survival of MDA-231 breast cancer cells in the incompatible ECM environment in vivo. Specific and control cell populations as indicated by the key in Figure 3b were 'color-coded' with GFP or RFP, mixed in equal numbers to allow for direct comparison in every experimental animal and targeted to the lungs of SCID mice trough the lateral tail vein injection. Mice were killed at 3 and 48 h, and the numbers of red and green fluorescent cell colonies recovered from mouse lungs after digestion and antibiotic selection were used to estimate the relative proportion of surviving cancer cells from each population. Lack of either CXCR4 or CCR7 did not significantly change the ratio of recovered specific shRNA-expressing 'red' versus control luciferase shRNAexpressing 'green' cells at 3 h post-injection when compared with the control mixture containing the RFP-labeled wild type suggesting that the rate of initial arrest and extravasation of all cancer cells in the lungs was relatively similar (Figure 3b ) and therefore was not dependent on the activity of chemokine receptors. However, loss of either CXCR4 or CCR7 significantly reduced the number of cells recovered from mice lungs at 48 h post-injections with the relative proportion of specific 'red' to control 'green' colonies at an average of 1:8. These findings strongly implicated chemokine receptors in promoting survival of breast and potentially other cancer cells in vivo in the absence of the appropriate ECM contacts.
Specific pro-and anti-apoptotic proteins mediate chemokine-induced protection from anoikis. To understand the mechanism by which chemokines inhibit apoptosis we analyzed the expression of a panel of proapoptotic BH3-only proteins and pro-survival Bcl-2 family members in attached and detached metastatic breast cancer cells ( Figure 4 However, only the Bmf expression was greatly and uniformly reduced by stimulation with both CXCL12 and CCL21 and only in suspended cells (lanes 4-6 and 11-13). Interestingly, expression of the BH3-only protein Bim, which has been suggested as a regulator of anoikis in normal as well as in cancer cells, 13 showed little change after chemokine addition despite being regulated by FCS in agreement with previous reports.
Analysis of the pro-survival Bcl-2 proteins showed that Bcl-xL, previously suggested to play an important role in anoikis, 13 may also mediate chemokine-induced inhibition of anoikis in cancer cells. Although being slightly downregulated in suspended cells when compared with adherent cells, Bcl-xL expression was elevated by the addition of both CXCL12 and CCL21 to detached MDA-231 and MDA-361 cells (Figure 4b) . Interestingly, the levels of Bcl-2, previously implicated in anoikis process in numerous cell types, 13 did not change under any of the conditions tested.
These results provide evidence for a specific and novel link between activation of chemokine receptors and regulation of the Bcl-2 protein family members in metastatic breast cancer cells after the loss of the ECM attachment.
JNK, PI3K and NF-jB-signaling pathways mediate inhibition of anoikis by chemokine ligands. To identify common downstream effectors that participate in anoikis inhibition by chemokines we used pharmacological inhibitors and dominant-negative mutants to block specific signaling pathways. We therefore chose to investigate a role of specific signaling mediators activated downstream of both CCR7 and CXCR4 in cancer cells that have been also implicated in the regulation of anoikis as well as in metastatic spread ( Figure 5 ). To this end we assessed the contribution of selected signaling pathways to the capacity of ligated CXCR4 and CCR7 to modulate specific Bcl similarly blocked chemokine-dependent reduction in anoikis and the underlying Bcl-xL and Bmf regulation without significantly affecting overall levels of cell death. In contrast, inhibition of p38 MAPK pathway did not appreciably alter the inhibition of cell death by chemokines but significantly reduced the basal levels of anoikis in MDA-361 ( Figure 5a ) and MDA-231 (not shown) cells. This effect most likely resulted from the changes in Bcl-2 proteins as pretreatment of suspended cells with SB 203580 led to an increase in Bcl-xL levels concomitantly with a reduction in Bmf (Figure 5b) .
In an attempt to more precisely delineate the role of JNK in the chemokine-induced inhibition of anoikis we assayed the effect of CXCL12 or CCL21 on the cleavage of pro-apoptotic Bid and the production of its active truncated form tBid -the process that is mediated by JNK activation.
14 Western blot analysis with polyclonal antibodies that recognize tBid failed to detect any significant changes in Bid degradation after addition of chemokines to suspended MDA-231 or MDA-361 cells (not shown), suggesting an involvement of a different and potentially novel signaling pathway downstream of JNK.
The facts that NF-kB activation inhibits anoikis in epithelial cells 15 and that activated CXCR4 and CCR7 among other G-protein-coupled receptors induce NF-kB activation in leukocytes and other cells, 16 prompted us to investigate the involvement of NF-kB in the inhibition of apoptosis by CXCL12 and CCL21. First, we found that the addition of both ligands led to an increase in NF-kB-driven luciferase reporter gene activity and phosphorylation of IkB-a over basal levels (Supplementary Figure 3A and B) . Notably, in contrast with CXCR4 and CCR7 inhibit anoikis M Kochetkova et al previous reports investigating anoikis in untransformed epithelial cells, 15 we did not detect any raise in NF-kB activity after prolonged suspension most likely due to a high constitutive activation of NF-kB in invasive cancer cells used in this study. 17 However, the effect of chemokines on cell survival (Figure 5c ) as well as Bcl-xL and Bmf modulation was reversed in both MDA-361 (Figure 5d ) and MDA-231 (not shown) after blocking activation of NF-kB by the expression of a mutant 'super-repressor' of IkB-a (Supplementary Figure  3C) , linking this transcriptional pathway to anoikis regulation by CXCR4 and CCR7. Inhibition of NF-kB also lead to a significant increase in overall cell death in both cell lines irrespective of chemokine treatment, which probably resulted from concomitant increase in Bmf and reduction in Bcl-xL levels (Figure 5d ) but not Bcl-2 levels which were only slightly affected by the NF-kB inhibition.
Upregulation of Bmf prevents the inhibition of anoikis by chemokines. To investigate a causal relationship between Bmf expression and its inhibition by chemokine receptors in the loss-of-attachment-induced apoptosis, we forced MDA-231 and MDA-361 to stably express this BH3-only protein through retroviral transduction. Contrary to the earlier reports 18 Bmf overexpression did not result in any significant increase in overall cell death when compared with the vector only controls in either suspended (Figure 6a ) or attached cells (not shown). This discrepancy could be explained by differences in the apoptosis susceptibility of the normal or untransformed cells used previously, and the more apoptosis-resistant metastatic cancer cells, used in this study. Elevated levels of Bmf also did not significantly change the cellular proliferation rate (Supplementary  Figure 4) . However, preventing the chemokine-induced downregulation of Bmf by its stable expression completely abrogated the ability of CXCL12 or CCL21 to inhibit anoikis in both cell lines, confirming the functional importance of the newly delineated axis between chemokine receptors and this BH3-only pro-apoptotic protein.
To investigate the role of Bmf in a metastatic process more directly, we next used a dual fluorescence assay in an SCID (Figure 6b ). In addition, we have digested excised lungs with collagenase and purified metastasized breast cancer cells by antibiotic selection. In agreement with the results of the lung surface colony assay, the total lung metastatic burden was heavily skewed toward GFP-tagged control cells with an average five-fold reduction in a number of the Bmf-expressing RFP-positive cells (Figure 6b ). These findings show that a modest increase in anoikis in vitro through prevention of chemokine-induced downregulation of the pro-apoptotic Bmf (Figure 6a ) can translate into a dramatic reduction in the metastatic capacity of breast cancer cells in vivo.
Discussion
Metastatic spread is believed to be a very inefficient process where, of the presumed millions of cells that are shed into circulation by a primary tumor very few will establish secondary lesions. 19, 20 This is likely due to the fact that only a small proportion of cells that reach secondary sites will survive beyond the first 24 h. 21 The vast majority of these cells will undergo apoptosis with the loss of attachment probably being the main apoptotic stimulus and therefore factors that promote survival of the breakaway tumor cells can effectively be considered as critical determinants of the cancer metastatic process. A multitude of studies have clearly implicated chemokine receptors CXCR4 and CCR7 as metastasispromoting molecules. We describe here a previously unknown function for these chemokine receptors in inhibiting detachment-induced cell death specifically in highly invasive cancer cells. Thus systemic chemokine ligands may influence the persistence of detached tumor cells in the circulation or immediately after extravasation, which is considered to be one of the most critical steps in a metastatic cascade. This novel role may help to explain the critical importance of chemokine receptors in metastatic dissemination of vastly diverse cancer types. These findings may also have important implications for devising novel therapies for metastatic tumors. The fact that an anoikis-inhibiting function of both CXCR4 and CCR7 was found to be uniform in a number of metastatic cancer cell lines potentially points at an important novel common molecular mechanism that is involved in the malignant spread of tumor cells to secondary sites.
We found that chemokines CCL21 and CXCL12 exerted a selective effect on cell survival by reducing apoptosis caused only by loss of attachment, and not by serum deprivation or the addition of cytotoxic drugs. By using a mouse metastatic model we were also able to establish that CXCR4 or CCR7 activity is required by breast cancer cells to survive in vivo within the lungs. Interestingly, adhesion to endothelium and extravasation of cancer cells were the two major steps in a metastatic cascade that were previously suggested to be affected by chemokine receptor activation 22 with the evidence mainly derived from in vitro cellular assays. In contrast with these reports our in vivo experiments show that the silencing of either CXCR4 or CCR7 did not change the rate of the initial arrest of cancer cells but critically reduced the number of metastatic breast cancer cells persisting in the lung 2 days after intravenous injection. We propose therefore that ligation of CXCR4 or CCR7 can specifically compensate for the absence of cellular survival signals after the loss of an ECM attachment or in a context of inappropriate matrix environment at distant organs and thus facilitate metastatic dissemination. Recent reports demonstrating that ligands for CCR7 are expressed in human lungs and brain 23, 24 -the two common secondary sites besides the lymph nodes that are targeted by the breast cancer -together with the fact that CXCR4 ligand CCL12 is also produced by these and other organs, provide further support for this hypothesis.
Integrin attachment to the ECM provides cell survival signals through direct and indirect connections to the actin cytoskeleton, growth factor receptors, and intracellular signal transduction cascades. 25 Cytoskeletal changes induced by various stimuli have also been shown to regulate integrin activity and the sensitivity to anoikis. 26 In turn chemokine receptors are tightly linked to cytoskeleton remodeling and integrin receptor activation in migrating leukocytes and induce actin polymerization in various cancer cell types. 27, 28 Therefore, it is plausible to suggest that chemokine stimulation of metastatic tumor cells, either detached or surrounded by incompatible ECM, leads to actin restructuring, which in combination with other survival signals inhibit anoikis. The fact that CXCR4 is capable of directly interacting with myosin IIA, 29 which has been implicated in the formation of focal adhesions in HeLa cells further supports this hypothesis. Survival cues from trans-activated growth factor receptors (e.g., see Porcile et al. 30 ) may also contribute to the anoikisinhibiting property of chemokines.
In addition, we have delineated a novel molecular link between activation of chemokine receptors and regulation of the Bcl-2 protein family members in metastatic breast cancer cells after the loss of the ECM attachment. Our results strongly suggest that a decrease in Bmf and an increase in Bcl-xL levels may be the main contributors to the chemokinemediated inhibition of anoikis. This is in accordance with previous reports implicating these Bcl-2 proteins in detachment-induced apoptosis. 13, 18, 31 Simultaneous changes in these two proteins also suggest a non-linear signaling cascade leading to the inhibition of anoikis by active chemokine receptors in cancer cells. In additional, alteration of the phosphorylation state of some BH3-only proteins including Bim, an important anoikis modulator, 13 was also proposed as a mechanism to control their pro-apoptotic function. Although we have demonstrated that the only proapoptotic BH3-only protein showing alterations in expression was Bmf protein, the regulation of the pro-apoptotic activity of other BH3-only proteins by chemokines through the changes in phosphorylation cannot be ruled out at this stage. It has to be noted however, that we have not detected any changes in phosphorylation of BAD at Ser 136 after chemokine stimulation (not shown) which was described previously for BAD and CXCL12 32 in lymphocytes.
CXCR4 and CCR7 inhibit anoikis M Kochetkova et al
A number of signaling pathways have been implicated in anoikis regulation. We have found that the changes in Bcl-2 family proteins and accompanying inhibition of the loss-ofattachment-induced apoptosis by chemokine ligands is mediated by multiple-signaling pathways, with the somewhat predictable participation of PI3K and the less expected involvement of JNK (Figure 3) . Interestingly, our findings add to a small but actively growing body of evidence in support of a non-canonical apoptosis-inhibiting function of JNK (for e.g., see Kook et al. and Kuntzen et al. 33, 34 ) providing further evidence for the recently emerged paradigm of dual proapoptotic or pro-survival activity of this SAP kinase which depends on the cell type and/or system studied. We have also found that blocking p38 activation leads to significant changes in basal levels of the detachment-induced apoptosis in parallel with the inhibition of Bmf upregulation and Bcl-xL downregulation, similar to that recently reported for TGFb-induced cell death. 35 Based on these observations and bearing in mind an important function recently assigned to p38 MAPK in anoikis 36 it is intriguing to hypothesize that activation of the chemokine receptors in cells within an unfavorable ECM context may lead to an impairment of p38 activity and a decrease in cell death.
We have also described previously unknown role for the pro-apoptotic Bmf protein in regulating inhibition of anoikis by chemokine receptors. Our results show that in highly transformed epithelial cells, Bmf is a necessary but not sufficient cell death-inducing factor. Thus, increasing the levels of this protein did not lead to any significant changes in cell death in vitro, however preventing its downregulation resulted in a dramatic decrease in experimental metastatic lesions in vivo potentially suggesting that a number of proapoptotic signals might need to be involved simultaneously to effectively kill metastatic tumor cells. Notably, overexpression of Bmf did not affect the ability of chemokines to increase Bcl-xL levels (Supplementary Figure 5) , indicating that ultimately it is likely the ratio of these two proteins, controlled by chemokine receptors in suspended cells, that determines the balance between cell death and cell survival, an observation that is in agreement with the current understanding of the apoptotic regulatory mechanisms. 37 Therefore, decreasing Bmf levels under conditions of non-complementary ECM or lost anchorage may be an important survival-stimulating signal that is generated from ligated CXCR4 and CCR7. This may represent a novel molecular mechanism underlying the metastasis-promoting function of these receptors. Importantly, our results also reveal a previously unknown role for the pro-apoptotic Bmf protein in suppressing breast cancer metastasis thus taking further recent observations, which implicated this protein as a mediator of mammary gland involution and a tumor suppressor in mammary epithelial 18 and lymphoid 38 cells. In conclusion, a novel function for chemokine receptors CXCR4 and CCR7 in inhibiting anoikis will help to explain the immense importance that has been implied for these molecules in almost every type of malignant carcinoma and other metastatic cancers. These findings may have wide implications for the understanding of the complex metastatic process in breast and potentially other cancers and also call for caution in the application of the chemokine-based anti-cancer vaccines (for e.g., see Okada et al. 39 ), which may inadvertently lead to an increase in metastatic dissemination.
Materials and Methods
Cell lines, antibodies and reagents. The human cancer cell lines, MCF-10A and the human embryonic kidney cell line HEK 293T were all obtained from the ATCC. Cells were grown at 37 1C in 5% CO 2 in a humidified atmosphere according to the supplier's instructions. To analyze the effect of a forced detachment, for all assays freshly trypsinized cells were seeded in DMEM culture media without FCS onto poly-HEMA-coated dishes from Corning Inc., at a cell density of 2.5 Â 10 5 cells per ml. Mcl-1, Bid, and Bim rabbit monoclonal antibodies were from Epitomics; Bcl-x, Bcl-2, Bad and Nip-1 mouse monoclonal antibodies were from BD Transduction laboratories; Bik rabbit polyclonal antibodies were from Cell Signaling Technologies. Bmf rat monoclonal antibodies 12E10 and 9G10 were a kind gift from Professor A Strasser (WEHI, Melbourne, Australia). PTX used at 10 ng/ml was from Sapphire Bioscience, NSW, Australia. SB 203580 was used at 5 mM, JNK inhibitor at 10 mM and LY294002 at 30 mM (all from Calbiochem). Synthetic chemokine ligands were from the Biomedical Research Centre, University of British Columbia; Vancouver, Canada. CXCL12 was used at 100 ng/ml and CCL21 at 200 ng/ml final concentrations.
MDA-231 cells with the reduced CCR7 surface levels were generated through infection of cells with retroviral particles with integrated shRNA that targeted nucleotides 270-289 from the coding region of CCR7 mRNA effectively as was previously described for the CXCR4 knockdown in the same cells. MDA-231 cells, expressing shRNA-targeting Renilla luciferase were used as a negative control. 40 Three individual clones, in which CXCR4 or CCR7 surface levels were reduced by at least 65%, were pooled for further assays (Supplementary Figure 2A) . Control luciferase shRNA-expressing cells were used as a polyclonal population.
Western blot. Western blot analysis was performed as described earlier. 5 For the cytochrome c release assay cells were suspended for 24 h and the cytoplasmic and mitochondrial protein fractions were separated using Mitochondria Isolation kit (Pierce).
Apoptosis assays. Apoptotic cells were quantified using the cell death detection ELISA kit and terminal deoxynucleotidyl transferase-mediated dUTP-TRITC nick-end labeling assay (TUNEL Assay) kit (both from Roche) according to the manufacturer's instructions. Caspase-3 activity was determined using a Colorimetric Assay Kit (BioVision).
In vitro survival assay. After 48 h of culture on poly-HEMA-coated dishes 100 ml aliquots of cell suspensions were plated in triplicate on uncoated 6-well tissue culture plates and grown for 1 week in complete growth medium. Cells were fixed in 3.7% formaldehyde, stained with Giemsa and colonies 450 mm in diameter were scored as positive.
Retroviral transduction. GFP and RFP were subcloned into XhoI and NotI sites of the retroviral expression vector pLNCX2 from Clontech. Construction of the pLNCX2-based retroviral vectors encoding full length Bmf and mutant 'superrepressor' IkB-a is described in SI Experimental Procedures. VSV-G-pseudotyped retroviruses were generated and breast cancer cell lines were infected as described in Akekawatchai et al. 40 Polyclonal populations were selected in the presence of G418 for 1 week.
In vivo survival and metastasis assays. Six to eight-week female CB-17 SCID mice were purchased from the Animal Resource Centre (Perth, WA, Australia). SCID mice were housed in pathogen-free conditions in the immunocompromised barrier rodent facility at the Adelaide University Animal House (Adelaide, SA, Australia). All procedures performed on mice were in accordance with the strict guidelines of the NH&MRC.
For the survival assay GFP-labeled control, luciferase shRNA-expressing MDA-231 cells were mixed with RFP-labeled wt, CXCR4 or CCR7 shRNA-expressing cells in equal numbers. 'Color-coded' cell mixtures of 6 Â 10 5 total cells suspended in 200 ml of PBS were injected into the tail vein of three mice for each experimental group per time point. Mice were killed by CO 2 inhalation at 3 and 48 h post-injection, lungs were perfused with PBS, excised, finely minced and incubated for 1 h in digestion media (RPMI with 150U/ml collagenase type IV, and 33 U/ml of bovine pancreas grade II DNaseI). Single cell suspensions were prepared by repeatedly aspirating the mixture through a 20 ml syringe before filtering through a nylon mesh. Cells were then pelleted at 300 r.p.m., washed in PBS, and plated on 6 cm tissue culture plates in complete media with 500 ng/ml of G418 to select for human cancer cells. Recovered human cancer cells were allowed to outgrow and form colonies for a further 2 weeks. Red and green fluorescent colonies were then scored using a Leica stereo fluorescence dissection microscope model MZ16FA.
For the metastasis assay five SCID mice each received tail vein injections of a total 5 Â 10 5 of 1 : 1 cell mixtures of the GFP-labeled vector control and the RFPlabeled Bmf-expressing MDA-231 cells, suspended in 200 ml of PBS. Mice were killed by CO 2 inhalation at week 10. Lungs were perfused with PBS, harvested and imaged by light and fluorescence microscopy using a Leica stereo fluorescence dissection microscope model MZ16FA. Images were processed by Metamorph Version 3.0 software (Universal Imaging Corp., Downingtown, PA, USA). The right lung was minced and digested with collagenase as described above. Single cell suspensions were then placed in 10 cm tissue culture plates in complete media with 500 ng/ml of G418 to select for human cancer cells. After 1 week of selection images of five independent fields were recorded and red and green fluorescent cells were counted to quantify lung metastatic burden.
Statistical analysis. Statistical analysis was performed on GraphPad Prism version 5.0 for windows XP (GraphPad Software, San Diego, CA, USA).
